ice time series can be utilised for various climate effect studies linked to e.g. glacier dynamics, ocean chemistry and marine biology.
Introduction
Svalbard is an Arctic archipelago located between [76] [77] [78] [79] [80] [81] • N and 10-34
• E. It is surrounded by the Arctic Ocean in the north, with the Greenland Sea and Fram Strait to the west and the Barents Sea to 25 the east. Spitsbergen is the largest island in the archipelago and the study area of this work includes two fjords along the west coast of Spitsbergen (Figure 1 ).
Water masses along the west side of Spitsbergen are strongly influenced by the West Spitsbergen Current (WSC), that is steered along the slope between the West Spitsbergen Shelf and the deep ocean, the coastal current (CC) on the shelf, and freshwater input from glacier and river runoff along 30 the coastline (Figure 1 ). The WSC transports warm and salty Atlantic Water (AW) northward, representing the major oceanic heat and salt source for the Arctic Ocean. The WSC contributes strongly to Svalbard's relatively warm climate and causes eastern Fram Strait the northernmost permanently ice-free ocean (Onarheim et al., 2014) . The fjords along western Spitsbergen are usually separated from the WSC by the colder and fresher water masses of the northward flowing CC. This, in combi-
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nation with low temperatures and fresh water input from glacier and river runoff, makes seasonal sea ice growth inside the fjords possible. But AW from the WSC can reach the upper shelf and eventually flood into the fjords (Nilsen et al., 2008 (Nilsen et al., , 2012 . These warm water intrusions have a strong effect on the seasonal sea ice cover inside the fjords. The fjord-shelf exchange is controlled by the density difference between the fjord water masses and the AW, which is determined by the sea ice and brine 40 production during winter (Nilsen et al., 2008) . This means that the sea ice cover inside the fjords is not only a result of advected or advecting water masses, but can alter the fjord water significantly and influence the exchange with the shelf.
The aim of this study is to investigate sea ice conditions between 2000-2014 in two representative fjords along the west coast of Spitsbergen (Figure 1 ), where ocean and atmosphere data are available
The data for this article was collected and interpreted within the framework of the PolishNorwegian AWAKE-2 project. The aim of AWAKE-2 is to understand the interactions between 60 the main components of the climate system in the Svalbard area: ocean, atmosphere and ice, to identify mechanisms of interannual climate variability and long-term trends. The main hypothesis of AWAKE-2 is that the AW inflows over the Svalbard shelf and into the fjords have become more frequent during the last decades and this results in new regimes and changes in atmosphere, ocean, sea ice and glaciers in Svalbard. Being a link between land and ocean, Arctic fjords are highly vul-65 nerable to warming and are expected to exhibit the earliest environmental changes resulting from anthropogenic impacts on climate. Sea ice cover is a key parameter for monitoring climate variability and trends, since it captures the variability of both ocean and atmosphere conditions. Due to the major role sea ice cover plays in air-sea interactions, knowledge about the ice cover is crucial for a better understanding of the Arctic fjord system. The focus of this paper is to present a new sea 70 ice cover time series, revealing the variability in sea ice cover and showing that the observed variability is consistent with other observations. Future studies may be able to use the dataset to further understand linkages and drivers of the observed variability. However, complete cloud cover usually did not exceed a few days. The formation and melting of sea 
Methods
The downloaded Level 1 satellite data from ASAR, Radarsat-2, MODIS and MERIS were processed
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with the open-source python toolbox "Nansat" (developed by NERSC) into geoTIFF and PNG Level 2 images, which can be displayed by ArcGIS and several other programs. Within ArcGIS, two polygons covering Isfjorden and Hornsund were created using a high resolution VIS/NIR image from Landsat 8 as reference. This polygon describes the fjord area very accurately and can be subdivided in order to evaluate the sea ice coverage by area. Due to the large amount of considered days and 155 images, the processing chain needed to be fast and efficient. This was achieved by implementing most steps into a python code working inside ArcGIS.
For the time period 2005-2014, both SAR and VIS/NIR images are available and the processing chain for a specific date (leading to one data point in the time series) is as follows: The SAR images of the considered day are loaded into ArcGIS and their symbology is adjusted to increase the visual 160 difference between water and ice. Then the mentioned polygon is superimposed on the images and divided by a sea ice expert into the regions "Fast ice", "Drift ice" and "Open water" (Fig. 2 a,b ).
Both "Fast ice" and "Drift ice" appear white on the visible image and are characterized by high backscatter values on the SAR image. "Open water" appears dark blue on the visible image and has low/high SAR backscatter values during low/high wind speeds. "Fast ice" is attached to the coastline and does not change its position on consecutive SAR images. This makes it easy to identify "Fast ice", but the difference between "Drift ice" and "Open water" can be ambiguous during high wind speeds, if only SAR data are available. The origin of the sea ice, which can result from both freezing inside the fjord or advection from the shelf, is not considered during the manual interpretation. The area of each region is calculated in m 2 using a built in function of ArcGIS and the results are saved 170 in a text file. In case VIS/NIR images are available for the same date, they are used for validation and interpretation support of the SAR images (Fig. 2 c) .
Prior to 2005, no high quality SAR images could be accessed and the time series is solely based on VIS/NIR images. During polar night it is therefore not possible to describe the ice conditions. During polar day high accuracy is only achieved for days with high resolution VIS/NIR images and lower 175 accuracy is expected for the other days, due to the lower resolution of MODIS and MERIS compared to SAR. The method yields still high reliability for the analysed years before 2005, since water and ice can be separated unmistakably on visual images. Continuity of the time series is expected, since MODIS, Aster and Landsat data is available and considered for the entire time series.
Days of fast ice (DFI)
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To quantify sea ice coverage in a defined region (in our case Isfjorden and Hornsund), a new index called "Days of fast ice" (DFI) is introduced. The index describes fast ice conditions over a considered time period in a single value with unit days. Both temporal and spatial extent of the fast ice is included. The DFI are calculated by building the sum over the fast ice area of all considered days relative to the total area, i.e. in our case the entire fjord area (Eq. 1).
The unit days shall give a quick understanding of the range (considered time period) and linear scaling. The index indicates the number of days that the fjord would be covered 100 % with fast ice. The DFI values allow a simple comparison between different regions and time periods and with external parameters like atmospheric or oceanic data.
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Error estimates
Since the time series is based on manual interpretation, defining an exact error value for spatial sea ice extent is not possible. Nevertheless, possible error sources can be evaluated and an error estimate from the analysing sea ice expert can be given.
The biggest error source is wrong interpretation of ambiguous SAR images during polar night, 195 when no visible images are available for validation. As mentioned above, "Fast ice" is easy to identify, whereas the separation of "Drift ice" and "Open water" is sometimes inconclusive. This error for "Drift ice" and "Open water" is hard to quantify, but can be up to 10 % and in some cases even more.
The different resolutions of the utilized satellite images is another potential source of error. In 
Results
By utilising the created satellite database (Sect. 2) and applying the described method (Sect. 3),
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two time series dividing the area of Isfjorden and Hornsund into "Fast ice", "Drift ice" and "Open water" have been created (Figs. 3 and 4) . In total, 3319 manual interpretations of sea ice conditions were conducted by a sea ice expert, leading to an almost daily resolution between 2000 and 2014.
Unclassified gaps occur in both time series when SAR images were unavailable during the dark season (white gaps in Figs. 3 and 4) .
235
The daily surface coverage in Isfjorden between 2000 and 2014 is shown in Fig. 3 . 
Days of fast ice (DFI)
Utilising Eq. (1) time periods were considered. The "total season" refers to the entire sea ice season, which lasts usually from November of the previous year until June, and the "short season" lasts from 1 March until the end of the sea ice season. The "short season" can also be calculated for years where only VIS/NIR images are available, whereas SAR images are necessary for the "total season".
High correlation coefficients (R) between the total and short season DFI time series for both Is- (Table 2) , due to very early fast ice growth (Fig. 7) and a high fast ice peak before March.
The DFI mean values (total and short season, Table 2) 
Onset of freezing
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The sea ice season in Isfjorden and Hornsund starts usually between late autumn and beginning of winter. (Cottier et al., 2007) .
The winter temperature of the WSS reverted to that typical of fall, interrupting the normal cycle 320 of sea ice formation in the region, including both the shelf and the fjords along the west coast of Spitsbergen.
Ongoing hydrographic measurement programs and construction of longer time series (Pavlov et al., 2013) show that fjord systems along west Spitsbergen went from an Arctic state to a more Atlantic water state after winter 2006 (Cottier et al., 2007) . In and Isfjorden during this period (Cottier et al., 2007; Nilsen et al., 2015) and the surface water seldom reached the freezing point temperature (Figure 8) . Hence, the effect of forcing event on the time scale of weeks (Cottier et al., 2007) , and a corresponding advection of AW, can have an influence on 330 the fjord thermodynamics and local sea ice condition on a yearly time-scale. The fjord-shelf system went towards a more Arctic state during the following years, but in 2012, similar forcing events as for 2006 (Nilsen et al., 2015) caused the AW to dominate the fjords again and the heat content in Figure   8 shows an increasing trend after 2011. Calculated negative degree-days from atmospheric temperature data closely follows the variation in DFI (Figure 8 ) and can also explain the low DFI values in 335 some years. But care must be taken in attributing changes in sea ice cover to atmospheric variability, as reduced sea ice cover and a warmer ocean can also increase the atmospheric temperature.
Another possible explanation for the perennial duration of both small and large fast ice cover years in Isfjorden can be given by looking at the density difference between the fjord water masses and the AW. In contrast to the external forcing mechanism suggested above, this represents a local forcing 340 mechanism through air-ice-ocean interaction. Nilsen et al. showed that a high ice production during winter, results in a higher formation of dense brine-enriched fjordwater and the local water masses in the fjord proper can end up being denser than the water masses residing on the shelf (Nilsen et al., 2012) . This is a key mechanism that enables AW to penetrate into Isfjorden in spring and the following summer and autumn, and determines in which depth the warm AW will circulate in the 345 water column. Considering Isfjorden as a coastal polynya with the opening area restricted by fast ice cover, more sea ice is produced in winters with less fast ice coverage. Hence, low fast ice coverage can cause AW intrusion in the following summer, which then can lead to low fast ice coverage in the following winter if the intruding AW is circulating high in the water column.
The mechanisms described for Isfjorden could apply for Hornsund, but being a smaller fjord, the while Isfjorden is influenced by the AW for several years after such events (Nilsen et al., 2008 (Nilsen et al., , 2015 . Considering the start of the freezing season, i.e. the first appearance of drift or fast ice in the two fjords, Isfjorden shows in general less variability and earlier ice growth (Fig. 7) . A low correlation 365 between the start of the freezing season for the two fjords is observed, suggesting a stronger dependence on local conditions rather than a large-scale ocean and/or atmosphere influence. Occurrence of drift ice always precedes fast ice, often with a time lead of 1-2 months. However, care must be taken when defining the start of the freezing in Arctic fjords using satellite images since the first appearance of drift ice will not necessarily reflect that the surface layer of the fjord proper has reached the Recent observations of the ice cover to the north of Svalbard further demonstrate the intimate link between the heat of the Atlantic water and the distribution of sea ice. Onarheim et al. (2014) have shown that the sea ice area north of Svalbard has been decreasing for all months since 1979 with the largest ice reduction occurring during the winter months at a rate of 10 % per decade (Onarheim et al., 2014) . This is in contrast to the observed changes in more central parts of the Arctic Ocean, where largest ice decline is happening during summer. However, the observed reduction is concurrent 380 with a gradual warming of 0.3 • C per decade warming of the AW along West Spitsbergen, and thus, the extra oceanic heat has been the major driver of the sea ice loss, which is concurrent with our results from both Isfjorden and Hornsund. Another indication of warm water as a major driver is the delayed maximum fast ice area in Isfjorden (Fig. 5) delayed ice formation and consequently lower ice concentrations in early winter.
In conclusion, the presented sea ice time series can be used to obtain a better understanding of interannual variability in Arctic fjord system. Since a sea ice cover reflects the physical state of the ocean and atmosphere, the present sea ice time series can be used in future studies to better understand air-ice-ocean interaction processes within each fjord system, but also in various climate 390 effect studies linked to e.g. glacier dynamics, ocean chemistry and marine biology. White gaps occur when no satellite data was available. The red dots display the "days of fast ice" (DFI) values of the short season as shown in Table 2 . 
